Objective-Loss of endothelial barrier function in arterial blood vessels is characteristic of vascular pathologies, including atherosclerosis. Here, we present a near-infrared fluorescence (NIRF) imaging methodology for quantifying endothelial permeability and macromolecular uptake in large arteries in the mouse and evaluate its applicability for studying mechanisms of vascular inflammation. Approach and Results-To validate the NIRF methodology, macrovascular inflammation was induced in C57bl/6 mice by local tumor necrosis factor-α stimulation of the carotid artery or in apolipoprotein E-deficient mice by Western diet for 4 weeks. Evans blue dye, serving as plasma protein marker and fluorescent in the near-infrared spectrum, was given intravenously at different doses. Carotids and aorta were excised, and Evans blue dye fluorescence was assessed through whole vessel scan in an infrared imaging system. NIRF correlated to extraction-absorbance methodology for Evans blue dye quantification and was superior at discriminating plasma protein accumulation in tumor necrosis factor-α-stimulated carotids. NIRF allowed for focal quantification of increased arterial wall Evans blue dye uptake in apolipoprotein E-deficient mice. Importantly, NIRF left vessels intact for subsequent histological analysis or quantification of leukocyte subpopulations by flow cytometry. 
A therosclerosis is a chronic inflammatory disease of large and medium-sized arteries and the major cause of cardiovascular disease. Increased arterial endothelial permeability and entry of macromolecules, such as lipoproteins, into the subendothelial space are considered critical events in atherosclerotic lesion formation. [1] [2] [3] Interventions aimed at stabilizing the arterial endothelial barrier may, therefore, be beneficial in reducing atherosclerotic risk. For several decades, detection of the intravenously injected plasma albumin marker Evans blue (EB) in the arterial wall has been used to assess arterial endothelial permeability in various animal models. [3] [4] [5] From these observations, it is concluded that focal patterns of EB uptake correlate to atheroprone regions in the arterial tree, 3 coinciding with locally disturbed hemodynamics. 5 EB also shares spatial similarities with aortic uptake of radiolabeled low-density lipoprotein, 3 supporting its use as a marker of intramural distribution of atherogenic lipoproteins. Although regional variations in EB uptake may be assessed by color photography 3, 5 or fluorescence imaging, 6, 7 its quantification has required extraction of the dye from excised vessels and analysis by optical absorbance measurement, 4 a time-consuming process rendering the tissue unsuitable for further analysis. Our objective was to overcome these disadvantages by introducing a rapid and sensitive method for quantification of EB accumulation in intact arteries in the mouse, using the fluorescent properties of EB as detected by near-infrared fluorescence (NIRF) imaging.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results
To validate the NIRF methodology, a model of local tumor necrosis factor-α-induced acute inflammation of the mouse carotid artery was applied. Different doses of EB (0.01-1 mg/mouse) were injected intravenously to determine the optimal dose for detection by NIRF. At all EB doses NIRF distinguished fluorescence intensity above tissue autofluorescence in the aorta and carotids ( Figure 1A) . EB was subsequently extracted from the vessels and quantified by standard extraction-absorbance methodology. Acquired data correlated strongly to fluorescence intensity ( Figure 1B) , confirming the accuracy of NIRF to quantify EB in intact mouse arteries. Importantly, NIRF detected increased EB uptake in tumor necrosis factor-α-stimulated carotids (compared with the right untreated vessels) at all EB doses, whereas extractionabsorbance methodology detected differences at the highest EB dose only ( Figure 1C ), demonstrating the superior sensitivity of NIRF imaging. To assess the possibility of combined analysis of permeability changes and cell recruitment in the same vessel, scanned carotids were subjected to flowcytometric analysis, revealing an increased number of vesselassociated neutrophils in tumor necrosis factor-α-stimulated carotids ( Figure 1D To demonstrate applicability in a relevant disease model, NIRF imaging was used to quantify diet-induced focal changes in arterial permeability in the apolipoprotein E-deficient (Apoe -/-) mouse. 4 Compared with wild-type mice, Apoe -/-mice exhibited increased EB fluorescence in atheroprone regions of the aorta, a response that was further aggravated by Western diet (Figure 2A and 2B) . To verify that NIRF reflected increased luminal EB uptake, longitudinal cryosections of the aortic arch were acquired. Confocal imaging revealed luminal EB fluorescence in the inner curvature of the aortic arch and also in association with lesions in Western diet-fed Apoe -/-mice ( Figure 2C and 2D) , whereas no luminal staining was seen in wild-type mice. Background adventitial EB fluorescence was seen in all mice although of low intensity ( Figure 2C and 2D ).
Discussion
Here, we present and validate a NIRF imaging methodology for quantitative assessment of large artery endothelial permeability in mice. Analysis of intravenously injected EB accumulated in the vessel wall is an established and physiologically relevant approach for assessing arterial endothelial permeability. [3] [4] [5] [6] [7] Compared with traditionally used extractionabsorbance methodology for EB quantification in mouse Evans blue (EB) quantification in mouse vessels correlates to and is more sensitive than extractionabsorbance methodology and enables single-vessel multivariate analysis. Left carotid artery (n=25) was subjected to topical stimulation with tumor necrosis factor (TNF)-α, 4 hours before euthanasia and was compared with the right, unstimulated carotid. EB (1, 0.1, 0.01, or 0 mg) in PBS was injected intravenously 30 minutes before euthanasia. The excised aorta and carotids were subjected to NIRF imaging (A) followed by extraction-absorbance methodology for EB quantification; the acquired data, presented as fluorescence intensity (FI) and optical density (OD), respectively, exhibited strong correlation (B). NIRF showed superior sensitivity to detect increased EB uptake in TNFα-stimulated carotids at the lower EB doses (notice large spread in OD, indicating low sensitivity; C). NIRF left vessels intact for subsequent flow cytometry revealing an increase in neutrophils (Gr-1 + F4/80 -cells) in stimulated carotids (D). Correlation was analyzed using Pearson correlation test. Stimulated and nonstimulated carotids from individual mice were compared using paired t test.*P<0.05. Representative images are shown. Scale bar, 1 mm.
arteries, NIRF imaging is more sensitive, faster, and permits secondary multivariate analysis, in agreement with previous observations on EB leakage in ischemic rat brain. 8 The high sensitivity of NIRF imaging allows for drastic lowering of the injected EB dose, which is advantageous as traditionally used EB doses of 50 to 100 mg/kg are known to affect blood pressure and pulse rate in small animals. 9 It is not possible to fixate or conjugate EB to other macromolecules than albumin and, therefore, future research will evaluate other permeability tracers to allow a broader range of application and optimize sensitivity with minimal physiological interference. The NIRF methodology described here is limited by its inability to precisely discern the location of macromolecules in the vessel wall. Alternative histological methods for assessment of arterial permeability allow simultaneous analysis of intramural macromolecular distribution 10 but require extensive manipulation of the tissue. In vivo imaging modalities, such as MRI, have been used for studying large arterial macromolecular uptake in mice 11 and human. 12 Although providing intriguing possibilities of repeated measurements and translational studies, these modalities are costly and have relatively low throughput. Most knowledge on the regulation of the endothelial barrier has been acquired using in vitro systems or microvascular models, and its relevance in the macrocirculation is obscure. Studies in small 4, 11 and large 3, 5 animals and in humans 2, 12 have shown association between increased endothelial permeability and sites of atherosclerosis development, suggesting common underlying mechanisms. Defining physiologically relevant molecular pathways in the macrocirculation is important because large-vessel endothelial permeability could provide a novel therapeutic target 11 and also facilitate nanobased drug delivery 13 to reduce atherosclerotic risk. Here, the current NIRF methodology provides a convenient high throughput tool for the study of arterial endothelial permeability and associated biological events. This method will be used to investigate the role of arterial endothelial permeability in the development and progression of vascular pathologies, such as atherosclerosis. 
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